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Ca2+Yeast mitochondria have generally been believed not to undergo the permeability transition (PT) by the
accumulation of Ca2+ within the mitochondrial matrix, unlike mammalian mitochondria. However, the
reason why the yeast PT is not induced by Ca2+ has remained obscure. In this study, we examined in
detail the effects of Ca2+ on yeast mitochondria under various conditions. As a result, we discovered that
the PT could be induced even in yeast mitochondria by externally added Ca2+ under optimized
experimental conditions. The 2 essential parameters for proper observation of the PT-inducing effects of
Ca2+ were the concentrations of the respiratory substrate and that of inorganic phosphate (Pi) in the
incubation medium. The yeast mitochondrial PT induced by Ca2+ was found to be insensitive to
cyclosporin A and suppressed in the presence of a high concentration of Pi. Furthermore, when the PT
was induced in yeast mitochondria by Ca2+, the release of cytochrome c from mitochondria was also
observed.
© 2009 Elsevier B.V. All rights reserved.1. Introduction
ATP synthesis in mitochondria is achieved by the electrochemical
gradient of H+ across the inner mitochondrial membrane as a driving
force. To enable effective ATP synthesis, permeability of the inner
mitochondrial membrane against solutes and ions is kept very low.
However, under certain conditions such as in the presence of Ca2+
and inorganic phosphate (Pi), the permeability of the inner
mitochondrial membrane is known to be markedly elevated [1–3].
This phenomenon is referred to as mitochondrial permeability
transition (PT), but its physiological meaning has been uncertain.
Recent studies revealed that upon induction of the mitochondrial PT,
cytochrome c is released from these mitochondria and that releasedphosphate; PT, permeability
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death, i.e., apoptosis [4–6]. However, the questions as to how the PT is
induced in mitochondria and how the release of cytochrome c
accompanying the induction of PT occurs have not yet been clearly
answered.
Studies on mitochondrial PT are mainly performed by using
mitochondria prepared from tissues of experimental animals. If
mitochondria prepared from yeast cells showed properties similar to
those of mitochondria prepared from animal tissues, then yeast
mitochondria would become an effective tool for studies on
mitochondrial PT; because genetic modiﬁcations are easily achieved
in yeast cells. However, mitochondria prepared from yeast cells show
properties remarkably different from those of mitochondria prepared
from animal tissues in the aspect of the PT [7–10]. Namely, the PT is
induced by respiratory substrates such as NADH in yeast mitochon-
dria, but not by externally added Ca2+, which is the classical PT
inducer inmammalianmitochondria [8]. However, the reasonwhy the
PT is not induced by externally added Ca2+ in yeast mitochondria has
not yet been clariﬁed. To seek probable answers to this question, in the
present study we examined the effect of Ca2+ on yeast mitochondria
under various conditions.
Fig. 1. Reported properties of yeast mitochondrial PT. Graphs A–D showing properties of
yeast mitochondrial PT are schematically depicted based on Figs. 1B, A, 4A, and 2B,
respectively, in reference [8]. It should be noted that 0.5 mM ethanol (EtOH) was used
as a respiratory substrate in the experiments shown in graphs B–D and that 10 mM Pi
was present in the experiment in B. RRed represents ruthenium red.
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2.1. Materials
ETH129 (code 21193) was purchased from Sigma Aldrich Japan
(Osaka); and Antipyrylazo III (code 034-02), from Nacalai Tesque
(Kyoto).Maleimide-activated keyhole limpet hemocyanin (code 77606)
was obtained from Pierce Biotechnology, Inc. (Rockford, IL). ECL Kit
(code RPN2106) and peroxidase-conjugated anti-rabbit IgG (code
NA934) were purchased from GE Healthcare Bioscience (Bucks, UK).
2.2. Yeast culture and preparation of mitochondria from yeast
Yeast strain W303-1B (MATα, ade2-1, his3-11,15, leu2-3,112, trp1-
1, ura3-1, can1-100) was grown in YPG medium (1% yeast extract, 2%
bacto-polypeptone, and 3% glycerol). The cells were precultured in
10 ml of YPG medium at 30 °C. Thereafter, the preculture (A600=1.0)
was added to 1500 ml of YPG medium at 30 °C; and the cells were
incubated with rotation at 110 rpm for 20 h, yielding about 5.0 g of
yeast cells.
Yeast mitochondriawere isolated as described previously [11] with
the following modiﬁcation to purify mitochondria: Brieﬂy, yeast cells
were twice washed with cold distilled water and then incubated in
10 mM dithiothreitol (DTT) and 0.1 M Tris–SO4 (pH 8.0) at 30 °C,
100 rpm for 15 min. The DTT-treated cells were resuspended in KPi
medium (1.2 M sorbital and 20 mM KPi, pH 7.4) and then incubated
(30 °C, 100 rpm, 15 min) with 11.39 mg of zymolyase 20 T in KPi
medium per g of yeast cells to form spheroplasts. The spheroplasts
were twice washed with KPi medium, and subsequently ground in
mannitol medium (10 mM Tris–HCl, pH 7.4, containing 0.6 M
mannitol, 0.1% BSA, 0.1 mM EDTA, and 10 μM p-APMSF) at low
speed in a chilled Potter–Elvehfem homogenizer. Next, the homo-
genate was centrifuged for 5 min at 800×g. The pellet was discarded,
and the supernatant was centrifuged for 10 min at 6800×g. The
resulting mitochondrial pellet was resuspended in mannitol medium.
The protein concentration of the mitochondrial suspension was
determined by the BCA method with bovine serum albumin used as
a standard.
2.3. Measurements of turbidity of mitochondrial suspensions
The turbidity of mitochondrial suspensions was measured by
monitoring the absorbance at 540 nm with a Shimadzu spectro-
photometer, model UV-3000.
2.4. Measurement of mitochondrial membrane potential
The mitochondrial membrane potential was measured by using a
TPP electrode, as described previously [12].
2.5. Measurement of uptake of Ca2+ into mitochondria
The uptake and release of Ca2+ bymitochondriaweremeasured by
using Antipyrylazo III as an indicator of the extra-mitochondrial Ca2+
concentration [13]. Changes in A720–790 were measured with a
Shimadzu spectrophotometer, model UV-3000, operated in the dual
wavelength mode. The values measured were converted to Ca2+
concentrations by reference to a calibration curve madewith standard
solutions of Ca2+ of various concentrations.
2.6. Transmission electron microscopic analysis of mitochondrial
conﬁguration
Mitochondrial conﬁgurations were analyzed by transmission
electron microscopy (Hitachi, H-800) according to the method
previously published [14].2.7. Detection of cytochrome c by Western blotting
Proteins obtained as described above were extracted in extraction
buffer containing 12.5 mM Tris (pH 6.8), 1%(w/v) SDS, 10%(w/v)
glycerol, 1%(w/v) DTT, and 0.05%(w/v) bromophenol blue. SDS-PAGE
was performed in 15%(w/v) acrylamide gels, essentially as described
previously [14]. Preparation of the antibody speciﬁc for cytochrome c
and Western blotting was performed according to the methods
previously published [15].
3. Results
3.1. Summary of the reported properties of yeast mitochondria and raised
questions
Several reports described the response of yeast mitochondria to
externally added Ca2+. Of these, a paper reported by Jung et al. [8]
intensively described the properties of yeast mitochondria in the
aspect of the induction of the PT. In their paper, the following 4
important properties of yeast mitochondria were reported (see also
schematically depicted Fig. 1): First, unlike mammalian mitochondria,
yeast mitochondria cannot take up Ca2+ (compare 2 traces “a” in Fig.
1A and B) because they lack a Ca2+ uniporter [16,17]. However, upon
the addition of a Ca ionophore, ETH129, yeast mitochondria could
successfully take up externally added Ca2+ (trace “b” in Fig. 1B).
Second, in case of the liver mitochondria, Ca2+ taken up by
mitochondria was gradually released during the period of further
incubation (traces “a” and “b” in Fig. 1A), due to the increased
permeability of inner mitochondrial membrane, reﬂecting the induc-
tion of PT. However, Ca2+ taken up into yeast mitochondria via
ETH129 was not released during the period of further incubation
(trace “b” in Fig. 1B), indicating that Ca2+ did not cause the PT in yeast
mitochondria. Third, the PT could be induced in yeast mitochondria by
respiratory substrates such as ethanol or NADH, even without the
addition of Ca2+ or ETH129 (trace “b” in Fig. 1C). Fourth, the PT
Fig. 2. Respiratory substrate-induced change in turbidity of yeast mitochondrial
suspensions. The turbidity change in mitochondrial suspensions induced by the
addition of ethanol (EtOH, panel A) or NADH (panel B) was evaluated by measuring the
absorbance at 540 nm. For this, yeast mitochondria were suspended in the incubation
medium (0.3 M mannitol, 10 mM HEPES, 0.5 mg/ml BSA, 25 μM EGTA, 2 mM KPi; pH
7.4) at 0.14mg protein/ml. Then, ethanol (panel A) or NADHwas added. The 2 traces “a”
in panels A and B represent the results observed without the addition of a respiratory
substrate. Traces “b”–“d” in panel A represent the results observed after addition of 2,
10, and 100 mM ethanol, respectively, and those in panel B, by the addition of 2, 10, and
40 mM NADH, respectively. Trace “e” in panel A indicates the results observed after the
addition of 100 mM ethanol in the presence of 10 mM Pi; and that in panel B, those
observed after the addition of 40mMNADH in the presence of 10 mM Pi. Broken lines in
panels A and B represent the results obtained after the addition of alamethicin to
samples used for traces “b” (2 mM EtOH and 2 mM NADH, respectively), to make its
ﬁnal concentration of 2.5 μg/ml, as controls of turbidity changes in mitochondrial
suspensions. A typical result of 3 independent runs is shown for each substrate.
Fig. 3.Measurement of membrane potential of yeast mitochondria energized by NADH.
To examine the effect of NADH on the membrane potential of yeast mitochondria, the
concentration of TPP+ in the mitochondrial suspension was measured by using a TPP
electrode. Yeast mitochondria were suspended in the incubation medium described in
Fig. 2 except that it included 1 μMTPP; and then 2mMNADH and 2.5 μg/ml alamethicin
(Ala) were added to the mitochondria at the times indicated.
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presence of 10 mM Pi (2 traces “a” in Fig. 1C and D), unlike the
ordinary PT observed in mammalian liver mitochondria, which is
induced signiﬁcantly in a manner dependent on the concentration of
Pi in the incubation medium.
These 4 ﬁndings indicated 2 important features of the yeast
mitochondrial PT, one being that the concentrations of the respiratory
substrate and Pi are key factors regulating the yeast mitochondrial PT,
and the other, that yeast mitochondria are insensitive to Ca2+, unlike
mammalian mitochondria. As to the former feature, we also observed
the induction of the yeast PT by respiratory substrates and the inhibition
of it by 10 mM Pi. However, as to the latter, we considered that their
experimental data were insufﬁcient to establish the inertness of yeast
mitochondrial PT to externally added Ca2+. Namely, Jung et al. evaluated
the effects of Ca2+ in the presence of ETH129 under the following 2
conditions: The ﬁrst condition was that of a high concentration of Pi
contained in the incubationmedium, under which PT induction of yeast
mitochondria is strongly inhibited (see trace “b” in Fig. 1B). As to the
secondcondition, the incubationmediumcontained a lowconcentration
of Pi, which is suitable for the induction of PT (see trace “b” in Fig. 1D),
but high concentrations of respiratory substrates, under which the PT
spontaneously occurred in yeast mitochondria even in the absence of
externally added Ca2+ (trace “b” in Fig. 1C).
In order to properly evaluate whether Ca2+ induces PT in yeast
mitochondria, it seemed very important to determine the proper
concentration of respiratory substrate atwhichyeastmitochondria retain
a high membrane potential to enable effective Ca2+ uptake by ETH129,
but which concentration does not spontaneously induce PT itself.
3.2. Optimization of the concentration of respiratory substrate
We ﬁrst examined the effects of the concentration of respiratory
substrates on the induction of PT in yeast mitochondria. As statedabove, the use of a high concentration (10 mM) of Pi in the incubation
medium is inhibitory for the induction of yeast mitochondrial PT.
Thus, in the ﬁrst part of this study, the concentration of Pi was ﬁxed at
2 mM. Because a decrease in the turbidity of a mitochondrial
suspension is one of the most typical changes that accompany the
induction of the mitochondrial PT, we examined the dose dependency
of respiratory substrates such as ethanol and NADH on the turbidity of
mitochondrial suspensions (Fig. 2).
When 100 mM ethanol or 40 mM NADH was added to yeast
mitochondria, remarkable decreases in the turbidity of the mitochon-
drial suspension were observed (2 traces “d” in Fig. 2A and B), and
these decreases were completely inhibited in the presence of 10 mM
Pi (2 traces “e” in Fig. 2A and B). These results were essentially the
same as those of Jung et al., but the concentrations of these respiratory
substrates used in the present study were much higher than those
reported by them. Roucou et al. also reported the induction of the PT
in yeast mitochondria by the addition of ethanol at concentrations
higher than 200 mM [9]. Possibly, the sensitivity of yeast mitochon-
dria to respiratory substrates may be affected by subtle differences in
the experimental conditions such as culture conditions of yeast cells.
Turbidity changes in mitochondrial suspensions induced by the
addition of respiratory substrates showed a clear dose dependency
(traces “a”–“d” in Fig. 2A and B), and the addition of ethanol or NADH
at a low concentration (2 mM) did not cause a remarkable decrease in
the turbidity (traces “b” in Fig. 2A and B).
To examinewhether yeast mitochondria could be energized by the
addition of 2 mM NADH, we measured the membrane potential of
mitochondria in the presence of a low concentration of Pi (2 mM). As
shown in Fig. 3, upon the addition of 2 mMNADH, yeast mitochondria
showed sufﬁcient membrane potential, the degree of which was
almost the same as that observed in the presence of 10 mM Pi (data
not shown). The membrane potential thus formed disappeared by the
addition of alamethicin, which is an antibiotic that forms large pores
in the mitochondria membrane [18]. Thus, we concluded that the
incubation medium used for yeast mitochondria should contain a low
concentration of respiratory substrate (2 mM). Since the yeast
mitochondrial response to NADH in the aspect of oxygen consumption
is much better than that to ethanol, showing a much clearer transition
from State 4 to State 3 respiration (data not shown), we adopted
NADH as the respiratory substrate in the subsequent studies.
3.3. Effect of Ca2+ on the yeast mitochondria under the optimized
experimental conditions
As we succeeded in determining the substrate concentration
suitable for the formation of a membrane potential without inducing
spontaneous PT in yeast mitochondria, we next examined the effects
Fig. 4. Ca2+ uptake and release by yeast mitochondria. To examine the uptake of Ca2+
into the yeast mitochondria and its release, yeast mitochondria were suspended in the
incubation medium described in Fig. 2, supplemented with 100 μM Antipyrylazo III,
20 μM ETH129, and 2 mM NADH; and then Ca2+ was added to make its ﬁnal
concentration of 100 μM. Changes in the concentration of extra-mitochondrial free Ca2+
detected by Antipyrylazo III were recorded as the differential absorbance between 720
and 790 nm, as described in theMaterials andmethods section. Trace “a” represents the
result obtained under the above-mentioned experimental condition. Traces “b” and “c”
represent the results obtained in the absence of ETH129 and in the presence of 10 mM
Pi, respectively, in the incubation medium. A typical result of 3 independent runs is
shown.
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Ca2+ uptake by, followed by Ca2+ release from, the mitochondria was
observed (trace “a”), just like in the case of PT induction by Ca2+ in
mammalian mitochondria. On the contrary, in the absence of ETH129,
Ca2+ uptake into mitochondria was not observed upon addition of
100 μM Ca2+ (trace “b”). When we examined the behavior of Ca2+ in
the mitochondria in the presence of 10 mM Pi, a rapid uptake of Ca2+
into the mitochondria was observed; but the subsequent release of
Ca2+ from the mitochondria was not observed (trace “c”).Fig. 5. Effects of Ca2+ on the turbidity of yeast mitochondrial suspensions. To test
whether the addition of Ca2+ causes swelling of mitochondria, its effect on the turbidity
change inmitochondrial suspensions was examined (panel A). First, yeast mitochondria
were suspended in the incubation medium described in Fig. 2 supplementedwith 2mM
NADH and 20 μM ETH129; and the absorbance of this suspension at 540 nm was
recorded (trace “a”). Trace “b” represents the result observed after the addition of
100 μMCa2+. Traces “c” and “d” represent the results obtained following the addition of
100 μM Ca2+ in the presence of 1 μM CsA and 10 mM Pi, respectively. The broken line
represents the result observed after the addition of alamethicin (ﬁnal concentration of
2.5 μg/ml) instead of Ca2+ as a positive control for turbidity changes in mitochondrial
suspensions. Panel B shows the dose-dependent effects of Ca2+ on the turbidity change
in mitochondrial suspensions. In this graph, the degree of mitochondrial swelling
observed at various concentrations of Ca2+ is shown as relative to the degree of
maximum swelling observed at 100 μM Ca2+ (ΔA540=0.019) and is given as mean
values±SD of 3 independent runs. Open and closed symbols represent the results for
mitochondria non-treated and pretreated with 1 μM CsA, respectively. The half-
effective concentration of Ca2+ on the yeast mitochondrial swelling (EC50) in the
absence of CsA was determined to be about 30 μM Ca2+.To test whether the release of Ca2+ from mitochondria following
the rapid uptake in the presence of 2 mM Pi really reﬂected the
induction of the PT, we measured the changes in the turbidity of
mitochondrial suspensions (Fig. 5). When yeast mitochondria were
incubated with ETH129 in the presence of 2 mM Pi, no remarkable
reduction in the turbidity of the suspension of yeast mitochondriawas
observed (Fig. 5A, trace “a”). However, when 100 μMCa2+was further
added to this mixture, a remarkable reduction in the turbidity was
noted (trace “b”). When we compare the degree of the absorbance
changes in the mitochondrial suspension with those reported
previously [8], the changes observed in the present study were
much more moderate than those in the past study. However, this was
due to the differences in the amounts of mitochondria subjected to the
experiments; and the degrees of the absorbance changes in the
mitochondrial suspensions normalized by the amounts of mitochon-
drial proteins (Δ540/mg protein) used were comparable between our
results and those of the past study. In mammalian mitochondria, the
decrease in turbidity (reﬂecting the PT) induced by Ca2+ is known to
be suppressed by pretreatment with CsA. In yeast mitochondria,
however, no such inhibitory effects of CsA were observed (trace “c”),
even at higher concentrations of CsA (data not shown). On the other
hand, the decrease in the turbidity induced by Ca2+ was remarkably
suppressed in the presence of 10 mM Pi (trace “d”).
When the concentration of Ca2+ was changed from 0 to 100 μM in
the presence of 2 mM Pi, the reduction in turbidity increased dose-
dependently up to 100 μM Ca2+ (Fig. 5B, open symbols); as for
concentrations above 100 μM Ca2+, the degree of the reduction was
nearly the same as foundwith 100 μMCa2+ (data not shown). The EC50
value of Ca2+ for the induction of PT in yeast mitochondria was
determined to be about 30 μM(Fig. 5B), and this valuewas notmarkedly
different from that for mammalian mitochondria [19]. The inhibitory
effects of CsA on the turbidity change in mitochondrial suspensionwere
not observed at any Ca2+ concentrations (Fig. 5B, closed symbols).
We further analyzed the effects of Pi concentrations on the
decrease in turbidity caused by 100 μM Ca2+ (Fig. 6). As a result, we
found the following: i) in the absence of Pi, 100 μMCa2+ did not cause
a decrease in turbidity, ii) in the range of less than 2 mM Pi, the
decrease was promoted dose-dependently, with a maximum at 2 mM
Pi, and iii) in the range of more than 2 mM Pi, the decrease was
suppressed. Thus, 2 mM Pi was the optimal Pi concentration to
observe the yeast mitochondrial PT induced by Ca2+.
When the PT is induced in mammalian mitochondria, disappear-
ance of the inner membrane structure is observed [14,18,20,21]; and
this change is also utilized as one of the criteria to judge whether PT is
induced in mitochondria. Thus, we next examined the effects of Ca2+
on the mitochondrial conﬁguration by transmission electron micro-
scopy (Fig. 7). As a result, non-treated mitochondria showed theFig. 6. Effects of Pi on the decrease in the turbidity ofmitochondrial suspensions caused by
Ca2+. To examine the effect of the phosphate concentration on PT induction in yeast
mitochondria, the turbidity change in mitochondrial suspensions caused by 100 μM Ca2+
was measured at various Pi concentrations. The basal incubation medium used was that
described in Fig. 2, supplemented with 2 mM NADH and 20 μM ETH129; and its Pi
concentration was varied.
Fig. 7. Effect of Ca2+ onmitochondrial conﬁguration. To examine the effects of Ca2+ on the conﬁguration of mitochondria, the organelles were incubated as stated in the legend of Fig.
5A. Non-treatedmitochondria (trace “a” in Fig. 5A), Ca2+-treatedmitochondria (trace “b” in Fig. 5A), and Ca2+-treatedmitochondria in the presence of 10mM Pi (trace “d” in Fig. 5A)
were ﬁxed; and their conﬁgurations examined by transmission electron microscopy are shown as photos A, B, and C, respectively. The bar under photograph C indicates 1 μm and
applies to all photos. A typical result of 3 independent experiments is shown.
Fig. 8. Effect of Ca2+ on the release of mitochondrial cytochrome c. To examine the
effects of Ca2+ on the release of mitochondrial cytochrome c, mitochondria were
incubated under the following 4 experimental conditions: absence or presence of
100 μM Ca2+ and presence of 2 mM or 10 mM Pi. Thereafter, they were separated from
the medium by prompt centrifugation. Both the pelleted mitochondria (P) and the
supernatant (S) were subjected to SDS-PAGE and subsequent Western blotting using
speciﬁc antibody against cytochrome c. A typical result of 3 independent experiments is
shown.
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Ca2+ to the yeast mitochondria in the presence of 2 mM Pi caused
remarkable swelling of the mitochondria and disappearance of the
inner membrane structure (photo “B”); however, this change was
suppressed in the presence of 10mM Pi (photo “C”). These results also
support our conclusion that Ca2+ can induce the PT in yeast
mitochondria, as it does in mammalian mitochondria.
3.4. Release of cytochrome c from yeast mitochondria is also triggered
by Ca2+
Finally, we tested whether the release of cytochrome c from yeast
mitochondria could be triggered by the addition of Ca2+, as in the case
of mammalian mitochondria. As shown in Fig. 8, when yeast
mitochondria were incubated in the medium containing 2 mM Pi
but no Ca2+, a slight release of mitochondrial cytochrome c was
observed. This release is considered to be due to the weakly induced
PT by the added respiratory substrate, because this release was
completely suppressed in the presence of 10 mM Pi. When yeast
mitochondriawere treated with 100 μMCa2+ in the presence of 2 mM
Pi, a signiﬁcant release of cytochrome cwas observed; and this release
also was suppressed by 10 mM Pi. Thus, release of cytochrome c from
yeast mitochondria was also inducible by externally added Ca2+, as in
the case of mammalian mitochondria.
4. Discussion
Experimental results showing the inertness of yeast mitochondria to
externally added Ca2+ have been reported by several mitochondrial
researchers [18,22–25]. To properly evaluate the PT-inducing effects of
Ca2+, it is essential to examine the effects of Ca2+ accumulated into the
matrix space of mitochondria, because intramitochondrial Ca2+ is
known to trigger the mitochondrial PT [8]. For such accumulation of
externally added Ca2+ into the matrix space of yeast mitochondria, the
use of a Ca ionophore is needed; because they lack a highly active Ca2+
uniporter. Nevertheless, no Ca ionophorewas used in those past studies.
Therefore, those studies failed to properly evaluate the PT-inducing
effects of Ca2+. On the contrary, Jung et al. clearly mentioned the
importance of the useof Ca ionophore ETH129 in their studies on the PT-
inducing effects of Ca2+ inyeastmitochondria; and using this ionophore
they examined the effects of Ca2+ accumulated into the matrix space of
yeast mitochondria [8]. They discovered that yeast mitochondrial PT
could be induced by using a high concentration of respiratory substrate
evenwithout using Ca2+ and ETH129 and that the PT thus induced was
strongly inhibited by a high concentration of Pi (10mM) but not by CsA.
However, under their experimental conditions, the Ca2+ accumulated
into the matrix of yeast mitochondria did not cause PT [8].In the present study, we focused on the importance of concentra-
tions of respiratory substrate and Pi for proper observation of yeast
mitochondrial PT induced by Ca2+, and succeeded in obtaining clear
evidence demonstrating the induction of PT in yeast mitochondria by
Ca2+ accumulated in the mitochondrial matrix. Thus, it is evident that
there are 2 types of yeast mitochondrial PT, one of which is induced by
a high concentration of respiratory substrate without the addition of
Ca2+, and the other one is induced by Ca2+ in the presence of ETH129
and a low concentration of respiratory substrate. We also observed the
former PT induced by respiratory substrate, but the concentration of
the substrate necessary for the induction of yeast mitochondrial PT
observed in this study was much higher than that reported previously.
At this moment, the reason for this discrepancy is uncertain. On the
contrary, when we examine the effects of Ca2+, the addition of a
respiratory substrate is essential. Therefore, we must pay close
attention to whether or not PT is induced by the respiratory substrate.
As was shown in Figs. 4–7, when mitochondria were energized by
2 mM NADH in the presence of 2 mM Pi, the PT induced by the
respiratory substrate itself was not remarkable; and hence, we could
clearly detect the PT induced by Ca2+.
Interestingly, the above-mentioned 2 types of yeast mitochondrial
PT were not inhibited by CsA, but were signiﬁcantly suppressed by a
high concentration of Pi. These features of yeast mitochondrial PT are
signiﬁcantly distinct from those of the mammalian mitochondrial PT.
Possibly, sensitivities of PT to CsA and Pi could be linked, because the
PT induced in mitochondria prepared from the animals lacking
cyclophilin D is also inhibited by Pi [26]. In addition to the effects of
CsA and Pi, the effects of decavanadate on the yeast mitochondrial PT
should be discussed, as decavanadate was reported to show inhibitory
effects on yeast mitochondrial unselective channels [9,24]. When we
tested the effects of decavanadate, it inhibited the PT induced by the
1491A. Yamada et al. / Biochimica et Biophysica Acta 1787 (2009) 1486–1491respiratory substrate at 100 μM but not the PT induced by Ca2+ (data
not shown). However, its selective inhibitory effect against respiratory
substrate-induced PT is not yet convincing; as its effect as an inhibitor
of PT is not yet well established. For further discussion on the effects of
this compound, further careful studies are required.
Besides the above-mentioned 2 parameters of concentrations of Pi
and respiratory substrate, the intactness of mitochondria isolated
from yeast cells is also an important factor for the detection of the PT
induced by Ca2+, because ETH129 transports Ca2+ in a membrane
potential-dependent manner. In the present study, to enable prepara-
tion of highly intact mitochondria, we employed a method adopting
minimal homogenization and centrifugation (for details, seeMaterials
and methods section). As a result, we succeeded in preparing highly
intact mitochondria showing an average respiratory control ratio of
higher than 3.0 (data not shown). Furthermore, the concentration of
ETH129 added to the incubation mixture is also important for the
efﬁcient transport of Ca2+ (data not shown).
Recently, Deryabina et al. examined the effects of Ca2+ on
mitochondria isolated from the yeast Endomyces magnusii, the mito-
chondria of which were reported to show highly active Ca2+ uptake
[27,28]. They reported that accumulation of Ca2+ (250nmol Ca2+/mgof
protein) within the mitochondria did not induce PT at any concentra-
tions of Pi in the incubation medium. When we compared the
concentration of Ca2+ used in their study with that used in this study,
it seemed sufﬁcient for the PT induction; and hence, the reasonwhy the
PTwas not induced by the Ca2+ accumulatedwithin their mitochondria
is obscure. One possible explanation for this difference is that
mitochondria fromdistinct yeast species donot show the same response
to the Ca2+ accumulated in their matrix. This interpretation would be
reasonable as an adaptive mechanism, because yeast strains capable of
Ca2+ uptake may have developed inactivating mechanisms against
Ca2+-induced PT that are absent in the strains that cannot uptake Ca2+.
In summary, we succeeded in demonstrating the induction of yeast
mitochondrial PT by externally added Ca2+ in the presence of low
concentrations of respiratory substrate and Pi. The yeast mitochon-
drial PT induced by Ca2+ was not sensitive to CsA, but caused the
release of mitochondrial cytochrome c.
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